Intranasal (i.n.) infections preferentially generate Th17 cells. We explored the basis for this anatomic preference by tracking polyclonal CD4 + T cells specific for an MHC class II-bound peptide from the mucosal pathogen Streptococcus pyogenes. S. pyogenes MHC class II-bound peptide-specific CD4 + T cells were first activated in the cervical lymph nodes following i.n. inoculation and then differentiated into Th17 cells. S. pyogenes-induced Th17 formation depended on TGF-β1 from dendritic cells and IL-6 from a CD301b
+ dendritic cell subset located in the cervical lymph nodes but not the spleen. Thus, the tendency of i.n. infection to induce Th17 cells is related to cytokine production by specialized dendritic cells that drain this site. + helper T cells that orchestrate protective immunity to extracellular bacterial and fungal pathogens, predominantly at epithelial surfaces (1) . T-cell antigen receptor (TCR) recognition of an MHC class II-bound peptide (p:MHCII) on an antigen-presenting cell causes Th17 cells to secrete the signature cytokine IL-17A, which acts primarily by increasing chemokine production in epithelial tissues to enable the recruitment, activation, and migration of neutrophils and monocytes (1) .
In vitro studies have shown that naive CD4 + T cells differentiate into Th17 cells when stimulated by p:MHCII ligands in the presence of transforming growth factor-β1 (TGF-β1) and IL-6 (2-4). Similarly, TGF-β1 is required for Th17 differentiation during the induction of experimental autoimmune encephalomyelitis (EAE) (5) . Th17 cells are also generated during intranasal (i.n.) infection by Streptococcus pyogenes, and TGF-β1 receptor signaling and IL-6 are involved (6, 7) . However, Th17 cell formation in the small intestine does not depend on TGF-β1 (8) and requires IL-1β but not IL-6 (9) . Additionally, Kuchroo and colleagues reported that although Th17 differentiation was normally dependent on IL-6, it could occur without it through an IL-21-dependent pathway if regulatory T cells were absent (10) .
Infection via the i.n. route may induce Th17 cells because nasal-associated lymphoid tissue (NALT) contains specialized antigen-presenting cells that preferentially produce IL-1β or IL-6 and TGF-β1. Here, we tested this idea by studying the primary immune response to i.n. infection with S. pyogenes bacteria (11) . We found that S. pyogenes p:MHCII-specific Th17 cell formation depended on TGF-β1 from dendritic cells and IL-6 from a CD301b + dendritic cell subset located in the cervical lymph nodes (CLNs) but not the spleen. (12) in C57BL/6 (B6) mice infected i.n. with S. pyogenes expressing this peptide (Sp-2W). Sp-2W bacteria were engineered by fusing the 2W peptide to the surface-anchored M1 protein (7) . This approach was used because no immunogenic I-A b -binding peptides have been identified from the natural S. pyogenes proteome. CD4
+ T cells expressing TCRs specific for the 2W:I-A b epitope were detected by staining spleen and lymph node cells from individual mice with fluorochrome-labeled 2W:I-A b tetramers and antifluorochrome magnetic beads followed by enrichment of the tetramer-bound cells on magnetized columns (13, 14) . Previous studies have shown that uninfected B6 mice contain about 300, primarily CD44 low , naïve 2W:I-A b -specific CD4 + T cells (13) and that i.n. Sp-2W infection causes these cells to proliferate to produce a large population of CD44 high 2W:I-A b -specific effector T cells by 7 d postinfection (7) .
Th17 cell formation was measured by assessing IL-17A production by 2W:I-A b -specific effector cells. B6 mice were infected i.n. with Sp-2W bacteria and 7 d later challenged with an i.v. injection of heat-killed S. pyogenes or Sp-2W bacteria. 2W:I-A b tetramer-based cell enrichment and direct ex vivo intracellular cytokine staining (15) was performed 3 h after the i.v. injection. None of the 2W:I-A b -specific effector cells present on day 7 after i.n. Sp-2W infection (Fig. 1A) expressed CD69 or produced IL-17A or IFN-γ after recall with heat-killed S. pyogenes bacteria ( Fig. 1 B and C) . However, 30% of the 2W:I-A b -specific effector cells produced IL-17A after recall with heat-killed Sp-2W bacteria ( Fig. 1 B and C) , whereas none of the cells produced IFN-γ (Fig. 1C) . The failure of the majority of 2W:I-A b -specific effector cells to make IL-17A after challenge was not due to a lack of TCR stimulation by 2W:I-A b complexes, as many of the cells expressed the TCR signal-dependent CD69 molecule but did not make IL-17A (Fig. 1B) . Therefore, about one-third of the Significance Naïve helper T cells can differentiate into several specialized subtypes that help other cells kill microbes. The processes that determine how the different T-cell subtypes form in the body are not understood. Here we identify a population of dendritic cells that is responsible for the formation of one helper T-cell type during nasal infection. These results extend knowledge about T-cell specification and could be applied to improve vaccines for nasal pathogens.
2W:I-A b
-specific effector cells induced by i.n. S. pyogenes infection were Th17 cells. The induction of Th17 cells after i.n. infection warranted investigation of the events in the secondary lymphoid organs associated with this site. The NALT was investigated because it is the primary site of infection after i.n. S. pyogenes inoculation (11) . Naïve 2W:I-A b -specific T cells were detected in the CLNs and spleen, but not the much smaller NALT before infection (Fig. 2 ). Beginning at day 3 after infection, some of the 2W:I-A b -specific cells in CLNs but not the spleen had increased CD44 and became large blasts, indicating that activation began in the CLNs. By day 4, 2W:I-A b -specific T cells in the CLNs had increased dramatically in number and most were large blasts (Fig. 2) . CD44 high 2W:I-A b -specific T cells appeared in the spleen at this time but were smaller blasts than the ones in the CLNs. Beginning on day 5, CD44 high 2W:I-A b -specific T cells that were small blasts finally appeared in the NALT and accumulated in this location to a peak number on day 7 (Fig. 2) . Together, these results indicated that naive 2W:I-A b -specific T cells were first activated in the CLNs after i.n. Sp-2W inoculation. The fact that large 2W:I-A b -specific T-cell blasts never appeared in the spleen and NALT indicated that these cells proliferated in other sites, probably the CLNs, before migrating to the spleen and NALT. Infection. The cytokines that induce Th17 differentiation after S. pyogenes infection were next investigated. The role of IL-6 was studied in Il6 −/− mice after i.n. administration of heat-killed Sp-2W bacteria. Heat-killed bacteria were used to ensure that the animals survived until completion of the experiment (7) . About 20% of 2W:I-A b -specific effector cells from wild-type (WT) B6 mice primed i.n. with heat-killed Sp-2W bacteria 7 d earlier produced IL-17A 3 h after i.v. challenge with heat-killed Sp-2W bacteria and none produced IFN-γ, whereas comparable cells from Il-6 −/− mice produced no IL-17A and about 10% produced IFN-γ (Fig. 3A) . The lack of IL-17A production by 2W:I-A b -specific cells in IL-6-deficient mice was not accompanied by an increase in Foxp3 + cells as reported in the EAE model (Fig. 3B ) (10) . Therefore, IL-6 was necessary for Th17 cell differentiation and suppression of Th1 but not regulatory T-cell formation after i.n. Sp-2W administration.
The cell type that produced the IL-6 needed for Th17 differentiation was then explored. The literature suggested that hematopoietic or nonhematopoietic cells could be involved (16 −/− bone marrow cells were transplanted into WT mice produced IL-17A and some produced IFN-γ (Fig. 3C) . Therefore, hematopoietic cells were the source of IL-6 necessary for Th17 differentiation after i.n. administration of Sp-2W bacteria. A cell ablation approach was then used to determine whether dendritic cells were the source of IL-6 needed for Th17 cell differentiation. Chimeras were produced by injecting irradiated B6 recipients with a 1:1 mixture of bone marrow cells from CD11c-diphtheria toxin receptor (CD11c-DTR) transgenic mice and either WT or Il6 −/− mice. Administration of diphtheria toxin (DT) to these mice results in ablation of the CD11c-DTR-expressing dendritic cells leaving dendritic cells that can or cannot make IL-6. In DT-treated CD11c-DTR:WT chimeras, which contained dendritic cells with the capacity to make IL-6, about 15% of the 2W:I-A b -specific effector cells generated by i.n. administration of Sp-2W bacteria produced IL-17A, whereas very few made IFN-γ (Fig. 3D) . Similar results were obtained for non-DT-treated control mice. However, in DT-treated CD11c-DTR:Il6 −/− chimeras, which lacked dendritic cells that could make IL-6, very few of the 2W:I-A b -specific effector cells produced IL-17A and some produced IFN-γ (Fig. 3D) . Therefore, CD11c
+ cells, likely dendritic cells, were the source of IL-6 necessary for Th17 differentiation after i.n. inoculation with Sp-2W bacteria.
TGF-β1 from Dendritic Cells Is Necessary for Th17 Differentiation in
Response to I.n. Sp-2W Infection. The role of TGF-β1 in Th17 differentiation after i.n. Sp-2W inoculation was also assessed. Chimeric mice were produced by injecting a mixture of bone marrow cells from CD4-cre CD45.1 + CD45.2 + and CD4-cre/ TgfbrII f/f CD45.2 + mice into irradiated B6 CD45.1 + mice. Half of the T cells in these mice expressed TGF-β1 receptor II after reconstitution, whereas the other half did not. About 12% of the WT 2W:I-A b -specific cells induced by i.n. Sp-2W infection produced IL-17A following challenge with heat-killed Sp-2W, whereas the TGF-β1 receptor II-deficient T-cell population lacked IL-17A-producing cells and instead contained a population of IFN-γ-producing cells (Fig. 4A) . TGF-β1 signaling in CD4 + T cells is therefore necessary for Th17 differentiation after i.n. S. pyogenes infection.
Radiation bone marrow chimeras were then used to identify the cellular source of TGF-β1. Bone marrow cells from WT B6 or Tgfb1 −/− mice were injected into irradiated B6 or Tgfb1
−/− mice to produce chimeras. About 20% of the 2W:I-A b -specific effector cells induced by i.n. Sp-2W infection in chimeras produced by transplanting WT bone marrow cells into irradiated WT or TGF-β1-deficient recipients produced IL-17A, whereas very few produced IFN-γ (Fig. 4B) . In contrast, very few of the 2W:I-A b -specific effector cells in chimeras produced by transplanting TGF-β1-deficient bone marrow cells into irradiated WT mice produced IL-17A and about 10% produced IFN-γ. Therefore, hematopoietic cells were the source of TGF-β1 required for Th17 differentiation after i.n. Sp-2W infection.
Other studies suggested that either the CD4 + T cells (17) themselves or dendritic cells (18) could be sources of TGF-β1 for Th17 differentiation. The latter possibility was tested in CD11c-Cre/Tgfb1 f/f mice in which the Tgfb1 gene was disrupted in CD11c + cells. As expected, about 30% of the 2W:I-A b -specific effector cells induced by i.n. Sp-2W infection produced IL-17A and few if any produced IFN-γ in control mice (Fig. 5A ). The population of 2W:I-A b -specific T cells in mice lacking the Tgfb1 gene in CD11c + cells contained significantly fewer IL-17A-producing cells than the control mice and also contained some IFN-γ-producing cells (8%), indicating that CD11c + cells were important contributors of TGF-β1 for Th17 differentiation in this system. Some Th17 differentiation still occurred in mice lacking TGF-β1 in dendritic cells. This result indicated that other sources of this cytokine, perhaps activated T cells, must also contribute.
A potentially confounding factor to this experiment is that some T cells probably delete the Tgfb1 gene in CD11c-Cre/ Tgfb1 f/f mice due to transient expression of CD11c at some point during T-cell development (19) -specific effector T-cell population generated by Sp-2W inoculation in CD11c-Cre recipient mice contained a subset of about 20% that produced IL-17A, whereas no cells produced IFN-γ (Fig. 5B) . In contrast, only 5% of the transferred 2W:I-A b -specific T cells in CD11c-Cre/Tgfb1 f/f mice produced IL-17A, and a few cells made IFN-γ. The fact that WT CD4 + T cells had reduced Th17 differentiation after i.n. Sp-2W inoculation in mice lacking TGF-β1 in CD11c + cells suggested that dendritic cells, not T cells, were critical for Th17 differentiation in this system. Chimeras were then produced by injecting a 1:1 mixture of bone marrow cells from CD11c-DTR transgenic mice and either WT or Tgfb1 −/− mice into irradiated WT recipients to determine if dendritic cells were the source of TGF-β1. Administration of DT to these mice results in ablation of the CD11c-DTRexpressing dendritic cells leaving dendritic cells that can or cannot make TGF-β1. In DT-treated CD11c-DTR:WT chimeras, which contained dendritic cells with the capacity to make TGF-β1, about 10% of the 2W:I-A b -specific effector cells generated by i.n. administration of Sp-2W bacteria produced IL-17A after challenge, whereas very few cells made IFN-γ (Fig. 5C) + cells in the NALT or spleen of naive and Sp-2W-inoculated mice contained low amounts of Il6 mRNA and large amounts of Tgfb1 mRNA. Therefore, migratory dendritic cells in the CLNs constitutively produced the largest amounts of IL-6 and some TGF-β1, whereas other dendritic cells produced very little IL-6 and large amounts of TGF-β1.
The robust IL-6 production by migratory dendritic cells warranted further investigation of this population. The radiation chimera results shown in Fig. 3 indicated that the relevant dendritic cell was radiosensitive, which ruled out epidermal Langerhans cells because these cells are radioresistant (22) . CD207
+ dermal dendritic cells were also ruled out because S. pyogenes-induced Th17 induction was normal in Batf3 −/− mice (Fig. 6B) , which lack this population (23) . We therefore focused on CD11b + dendritic cells.
CD11b
+ dendritic cells encompass a heterogeneous population, containing subsets that are dependent on Notch2. Th17 generation was normal in CD11c-Cre/Notch2 f/f mice (24) after Sp-2W injection, demonstrating that Notch2-dependent CD11b + dendritic cells were not involved (Fig. 6C) . We next focused on CD11b
+

CD301b
+ dermal dendritic cells, which are involved in Th2 cell responses in skin (21) . The approach relied on a transgenic mouse expressing a DTR-eGFP fusion protein under control of the Cd301b promoter (Mgl2DTR) (21) . Surprisingly, DT treatment lead to a wasting syndrome in Mgl2DTR mice associated with anorexia. A strategy based on radiation chimeras was then used to circumvent this unexpected phenomenon. Chimeras were produced by injecting a 1:1 mixture of bone marrow cells from Mgl2DTR mice and either WT or Il6 −/− mice into irradiated WT recipients. Following reconstitution, DT administration to these mice results in ablation of the DTR-expressing CD301b + dendritic cells leaving CD301b + dendritic cells that either can or cannot produce IL-6. In DT-treated chimeras, CD301b + cells accounted for about 20% of the dendritic cells derived from the WT or Il6 −/− bone marrow but were absent from the dendritic cell population derived from Mgl2DTR-eGFP bone marrow (Fig. 6D) . The clonal expansion of 2W:I-A b -specific effector cells induced by i.n. inoculation of heat-killed Sp-2W bacteria was only slightly lower in DT-treated Mgl2DTR:Il6 −/− chimeras than in Mgl2DTR:WT chimeras (Fig. 6E) , indicating that IL-6 production by CD301b 
These results indicated that CD301b
+ dendritic cells are important sources of IL-6 for Th17 generation during i.n. infection.
Discussion
Our results suggest that IL-6 and TGF-β1 are required for Th17 differentiation induced by i.n. S. pyogenes infection. Although these results support early in vitro studies (2-4) and one study showing that TGF-β1 was required for the initiation of EAE (14) , they are in contrast to in vivo studies that showed that IL-6 is not required for microbiota-induced Th17 cell formation (9) and that TGF-β1 is not required for Th17 differentiation during EAE induction (8) . The fact that IL-1β or IL-23 was important for Th17 cell differentiation in the cases where IL-6 or TGF-β1 was not suggests the existence of several independent Th17 cell differentiation pathways (8, 9) . The IL-6-and TGF-β1-dependent pathway induced by i.n. S. pyogenes infection also suppressed Th1 cell differentiation. Interestingly, however, effector T cells induced by i.n.
S. pyogenes infection did not become Foxp3
+ cells in the absence of IL-6 as observed in the EAE model (10) . Therefore, exposure of p:MHCII-activated T cells to TGF-β1 without IL-6 does not necessarily lead to regulatory T-cell differentiation.
CD11c + dendritic cells were the main sources of IL-6 and major sources of TGF-β1 for Sp-induced Th17 formation. Ablation of TGF-β1 production by CD11c + cells, however, did not completely inhibit S. pyogenes-induced Th17 formation, indicating that other cells of hematopoietic origin are involved. CD4
+ T cells, perhaps regulatory T cells, were good candidates based on work in the EAE model (17) . Nonetheless, S. pyogenes p:MHCII-specific naive CD4 +
T cells did not become Foxp3
+ regulatory T cells during S. pyogenes inoculation, and we found no role for TGF-β1 production by CD4 + T cells in S. pyogenes-driven Th17 differentiation. It is possible that TGF-β1-producing regulatory T cells form during EAE because of constant TCR signaling in response to constitutively expressed selfp:MHCII ligands. This may not occur after S. pyogenes inoculation because the TCR stimulus is rapidly cleared from the body.
We found that CD301b + dermal dendritic cells were a major source of the IL-6 required for S. pyogenes-induced Th17 differentiation. It is likely that the CD301b + dermal dendritic cells provided IL-6 to developing Th17 cells in the CLNs, as this was the site in which T-cell activation first occurred after S. pyogenes infection. These dendritic cells may have originated in the NALT and then migrated to the CLNs (25) after taking up S. pyogenes bacteria or may have been in the CLNs at the time of infection. Our results indicate that the i.n. route of infection may be better than the i.v. route for induction of Th17 cells because of potent IL-6-producing CD301b + dendritic cells in the CLNs but not the spleen. A previous study showed that IL-6 is necessary for Th17 differentiation in sites that drain mucosal and cutaneous tissues because it overcomes Th17 inhibitory retinoic acid production from CD103 + DCs that exist in these tissues, but not the spleen (26) . Our results add to a growing body of evidence that CD301b + dendritic cells are important drivers of T-cell differentiation. Iwasaki and colleagues found that CD301b
+ dendritic cells were involved in Th2 differentiation after immunization with protein antigen plus alum adjuvant or worm infection (21) . These stimuli may cause CD301b
+ dendritic cells to produce Th2-inducing cytokines, whereas other stimuli such as i.n. S. pyogenes infection may cause these cells to produce Th17-inducing IL-6. It is also possible that the CD301b + dendritic cell population contains a Th2-inducing subset, which is engaged during worm infection, and a Th17-inducing subset, which is engaged during i.n. S. pyogenes infection.
In addition, two recent reports showed that an IFN regulatory factor 4 (IRF4)-dependent, IL-6-producing CD11b
+ dendritic cell population was required for Th17 cell differentiation (27, 28) . Although it was not shown in these studies that the IRF4-dependent CD11b
+ dendritic cells expressed CD301b, it is possible as CD301b + dermal dendritic cells account for a large fraction of the CD11b high migratory dendritic cell population. The involvement of CD11b + dendritic cells in T-cell differentiation sheds additional light on the function of this population, which we showed carries antigens from s.c. infection sites to the draining lymph node and stimulates delayed-type hypersensitivity (29) .
Materials and Methods
Mice and Inoculations. All mice were housed in specific pathogen-free conditions in accordance with guidelines of the University of Minnesota and National Institutes of Health. The Institutional Animal Care and Use Committee of the University of Minnesota approved all animal experiments. Mice were given 2 × 10 8 live or heat-killed S. pyogenes or Sp-2W bacteria i.n. or i.v. as previously described (7) . Additional details, including mice strains and radiation bone marrow chimeras are provided in SI Materials and Methods.
Induction and Detection of Cytokine Production by 2W:I-A b -Specific Effector Cells. For all experiments except those shown in Fig. 6E , cytokine production was elicited by i.v. injection of heat-killed Sp-2W bacteria. Sp-2W bacteria were grown in THB-Neo media to an optical density at 600 nm of 0.5, washed once with PBS, centrifuged to a pellet, suspended in PBS, and then heat-killed by incubation at 60°C for 30 min. Bacterial killing was confirmed by plating out a sample on a blood agar plate. Heat-killed Sp-2W bacteria were stored at -20°C until use. To induce cytokine production in vivo, 5 × 10 8 heat-killed Sp-2W bacteria in 100 μL of PBS were injected i.v. through the tail veins of mice that were previously infected with S. pyogenes bacteria. Mice were killed after 3 h, and single-cell spleen suspensions were made in cEHAA medium supplemented with brefeldin A (10 μg/mL; Sigma). For the experiments shown in Fig. 6E , spleen and lymph node cells from Sp-2W-infected mice were stimulated in vitro with phorbol 12-myristate 13-acetate (50 ng/mL) and ionomycin (200 ng/mL) in the presence of brefeldin A. Cytokine production by 2W:I-A b -specific T cells from mice challenged with heat-killed Sp-2W bacteria or in vitro cultures was determined after tetramer-based cell enrichment as described below.
Cell Enrichment and Flow Cytometry. All antibodies were from eBioscience unless noted. Spleen and lymph node cells were prepared and stained for 1 h at room temperature with 2W:I-A b -streptavidin-allophycocyanin tetramers. Samples were then enriched for bead-bound cells on magnetized columns, and a portion was removed for counting as described (14) . The rest of the sample underwent surface staining on ice with a mixture of antibodies specific for B220 (RA3-6B2), CD11b (MI-70), CD11c (N418), CD8a (5H10; Caltag), CD4 (RM4-5), CD3e (145-2C11), CD44 (IM7), CCR6 (140706), CD69 (H1.2F3), CD45.1 (A20), and/or CD45.2 (104), each conjugated with a different fluorochrome. In experiments designed to detect cytokines, the cells were surface stained, then treated with BD Cytofix/Cytoperm (Becton Dickinson) Statistical Analysis. Differences between two datasets were analyzed by a paired or unpaired two-tailed Student's t test with Prism (Graphpad) software.
